Recurrent and persistent airway infections remain prevalent in patients with primary immunodeficiency (PID), despite restoration of serum immunoglobulin levels by intravenous or subcutaneous plasma-derived IgG. We investigated the effectiveness of different human Ig isotype preparations to protect mice against influenza when delivered directly to the respiratory mucosa. Four polyvalent Ig preparations from pooled plasma were compared: IgG, monomeric IgA (mIgA), polymeric IgA-containing IgM (IgAM) and IgAM associated with the secretory component (SIgAM). To evaluate these preparations, a transgenic mouse expressing human FcαRI/ CD89 within the myeloid lineage was created. CD89 was expressed on all myeloid cells in the lung and blood except eosinophils, reflecting human CD89 expression. Intranasal administration of IgA-containing preparations was less effective than IgG in reducing pulmonary viral titres after infection of mice with A/California/7/09 (Cal7) or the antigenically distant A/Puerto Rico/8/34 (PR8) viruses. However, IgA reduced weight loss and inflammatory mediator expression. Both IgG and IgA protected mice from a lethal dose of PR8 virus and for mIgA, this effect was partially CD89 dependent. Our data support the beneficial effect of topically applied Ig purified from pooled human plasma for controlling circulating and non-circulating influenza virus infections. This may be important for reducing morbidity in PID patients.
INTRODUCTION
Primary immunodeficiency (PID) diseases are a group of heterogeneous diseases with more than 300 genetically defined markers that affect the function of the immune system. 1, 2 In a subset of PID patients, plasma and mucosal immunoglobulin (Ig) levels are reduced or absent, making them more susceptible to infection. To compensate for reduced antibody production, PID patients may receive ongoing inoculations of plasma-derived intravenous Ig (IVIg) or preparations given by the subcutaneous route, often supplemented with prophylactic antibiotics. Commercially available plasma-derived Igs primarily consist of highly purified polyclonal IgG, obtained by fractionation of plasma pooled from thousands of blood donors. Due to their multi-donor origin, the purified IgGs display a broad range of specificities to viral, bacterial and fungal antigens circulating in the general population.
Stable IgG supplementation and antibiotic prophylaxis have successfully reduced persistent infections, such as pneumonia in PID patients, 3 illustrating the benefit of this approach. Nevertheless, recurrent and persistent infections in both the upper and lower respiratory tracts continue to affect PID patients. [3] [4] [5] The causes of these recurrent infections are not fully understood, but might be a result of local lung immunodeficiency and/or insufficient transudation of the supplemented IgG into the respiratory tract. Indeed, in cynomolgus monkeys, it has been shown that intravenous (i.v.) administration of the monoclonal antibody mepolizumab, a humanised IgG1 monoclonal antibody against IL-5 for the treatment of asthma, results in a 500-to 1000-fold lower concentration of the antibody in the bronchoalveolar lavage fluid (BAL) compared with the steady-state plasma concentration. 6 Similar findings have been reported in monkeys for humanised anti-respiratory syncytial virus monoclonal antibodies. 7 In mice, i.v. injection of human IVIg preparations resulted in 60-70% survival after lethal influenza infection, whereas intranasal (i.n.) IgG administration protected 90% of mice at doses 40-100 times lower, 8 suggesting increased availability and effectiveness of human Ig when applied directly to the mucosal surface.
Assuming that PID patients under appropriate IgG substitution therapy would still have local immunodeficiency in the upper and conductive airways, we hypothesised that protection of these areas of the respiratory tract might be best achieved by direct topical application of Igs to increase the Ig concentration at the site of infection. Although IgG is present in the lung, secretory immunoglobulin A (SIgA) and secretory immunoglobulin M (SIgM) generally provide the primary defence against mucosal pathogens in healthy individuals. Mucosal Igs from healthy individuals cannot be collected in sufficient amounts to evaluate their capacity in protecting the lung from infections after topical application. However, human plasma is collected on a large scale for the purification of numerous plasma-derived products, and plasma IgG, IgA and IgM are present at concentrations of 1050 (range 713-1852), 233 (80-531) and 141 (42-412) mg/dl, respectively, 9 sufficient for purification and evaluation for topical application.
There are several molecular differences in the Ig species between lung and plasma. In the lung, SIgA comprises dimeric and polymeric forms, of which 90% is of the IgA1 alloform. SIgA and SIgM are complexes comprising the respective Ig, the J-chain and the secretory component (SC). In plasma, IgA consists of 80% monomeric IgA (mIgA) and 20% polymeric IgA (pIgA), including dimeric IgA. The IgA1 and IgA2 alloforms are present at 85% and 15%, respectively.
Two different IgA-and IgM-containing preparations can be purified as part of the fractionation process used to purify IgG for the production of i.v. or subcutaneous Ig, as previously reported. 10, 11 One comprises mIgA and the other pIgA (mostly dimers) together with pentameric IgM (IgAM). A third preparation can be generated by associating SC with IgAM (SIgAM), resembling SIgA and SIgM present at mucosal sites. 10, 11 Polyclonal IgG, obtained by fractionation of pooled plasma, has been shown to contain antibodies that are broadly cross-reactive across different influenza A subtypes. [12] [13] [14] While these crossreactive antibodies are present at low levels, topical application protected 90% of mice. 8 Polyclonal IgA-containing preparations have yet to be compared with IgG obtained from the same pool of plasma donors for the presence of cross-reactive anti-influenza antibodies and their capacity to alter the course of infection after topical application.
In humans, IgA binds to numerous receptors, including the FcαRI/CD89, CD71/transferrin receptor, the asioglycoprotein receptor, Fcα/μR, FcRL4, the polymeric immunoglobulin receptor (reviewed in refs. 15, 16 ) and possibly the intracellular Trim21.
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FcαRI/CD89 is unique amongst these receptors, in that, it is neither expressed in mice nor is there any homologue in mice. 18 IgAdependent activation of CD89 is believed to be a key factor in host defence and responses, including phagocytosis, respiratory burst, degranulation and cytokine release. [19] [20] [21] It has also been proposed that although the cross-linking of CD89 during infection with IgAopsonised pathogens induces pro-inflammatory responses, naturally occurring serum IgA not complexed with an antigen induces inhibitory signals through CD89 to dampen excessive immune responses. 22 Studies in several CD89 transgenic (Tg) mouse strains have shown that full-length CD89 was functional in mice, with phagocytosis and cytokine release depending on the association with the signalling FcRγ-chain. 18, 23 To date, CD89 Tg mice have not been utilised to evaluate the efficacy of IgA-containing preparations in controlling influenza respiratory tract infections and the severe inflammatory responses that often accompany these infections.
Two H1N1 subtype viruses were chosen for our studies to represent a recently circulating virus and a past isolate, simulating a virus that has not been encountered by the donor population. A/ California/7/09 (Cal7) influenza virus has been circulating globally since its emergence as a pandemic isolate in 2009. This strain was recommended by the World Health Organisation to be included in the influenza vaccines between 2010 and 2014 (www.fludb.org). In contrast, A/Puerto Rico/8/34 (PR8) virus was initially isolated in 1934 and is no longer present in the human circulation. PR8 was used here to represent a virus that was unlikely to have been encountered by the donor population.
In this study, we describe a novel CD89 Tg mouse and utilise it to compare the effectiveness of topically applied human polyclonal mIgA, IgAM, SIgAM and IgG preparations for the treatment of currently circulating and antigenically distinct influenza virus infections. We report that IgA-containing preparations can protect mice from lethal influenza infection in both a CD89-dependent and CD89-independent manner, but that IgG provides the greatest protection from disease. We identify influenza strain-specific inflammatory responses in the lungs of influenza-infected mice that were differentially resolved following treatment with the various Ig preparations. Our data suggest that the topical application of IgG and to some extent IgA to the lungs may be beneficial in preventing respiratory tract infections in PID patients.
RESULTS
Generation of human CD89-expressing mice A CD89 Tg mouse line on the C57BL/6 background was generated using a construct containing the full-length human CD89 cDNA followed by an internal ribosomal entry site (IRES) and green fluorescent protein (GFP) cDNA, all downstream of a loxP-flanked mCherry cassette under the control of the CMV promotor (Fig. 1 , middle row). Whole-genome sequencing identified a single-copy insertion on chromosome 3, with three nucleotide changes, A161T, G337A and T538C, resulting in two amino acid changes: glutamic acid to valine, E54V, and aspartic acid to asparagine, D114N, in the extracellular domain of CD89 (Suppl. Fig. 1 ). The insertion event was associated with the genomic deletion of 178 kb on chromosome 3, with no observed breeding effect. To obtain myeloid-specific CD89-expressing mice, heterozygous CD89 tg/wt mice were crossed with C57BL/6 LyzM cre/cre Tg mice ( Fig. 1 , top row) to excise the loxP-flanked mCherry cassette in vivo and drive CD89 expression within the myeloid cell lineage under the CMV promoter in 50% of the offspring (Fig. 1, bottom 
row). The littermates (LM) CD89
wt/wt /LyzM cre/wt served as controls for subsequent studies.
To confirm myeloid-specific CD89 expression in CD89 tg/wt / LyzM cre/wt mice, flow-cytometric analysis was performed on peripheral blood (PB). CD89 expression was detectable on 90% of neutrophils and on average 40% of monocytes (Fig. 2a, c) , but not on lymphoid NK cells, B cells or CD4 T cells (Fig. 2b) . CD89 expression was increased on neutrophils compared with monocytes, resembling the human and nonhuman primate system (Fig. 2d) . As expected, CD89 expression was associated with reduced mCherry expression, due to excision by the Cre recombinase (Cre) in the myeloid cell lineage (Suppl. Fig. 2a) . GFP was undetectable in all cell types (Suppl. Fig. 2 were evaluated by flow cytometry using fluorescently labelled IgA or an anti-human IgA antibody. CD89 tg/wt /LyzM cre/wt BMDM expressed high levels of CD89 (Fig. 3a, left panel) and bound polyclonal human mIgA in the mCherry low population (Fig. 3a , right panel). Human CD89 bound all classes of human IgA: mIgA and pIgA in a mixed IgA/IgM preparation (IgAM, as described in Suppl. Table I) , and both mIgA isotypes, IgA1 and IgA2 (Fig. 3b) . At equal protein concentrations, CD89 preferentially bound the pIgA species present in the polyclonal IgAM preparation (65% IgA) compared with the mIgA species (98% IgA), as indicated by the higher mean fluorescence intensity (MFI). The IgAM preparation contained higher amounts of multimeric Igs (Suppl. Table I ), suggesting that an avidity effect may be contributing to the enhanced binding. Furthermore, IgA1 was preferentially bound compared with IgA2 (Fig. 3b) .
Next, CD89-mediated signalling was evaluated by determining the association with the signalling facilitating the FcRγ-chain, phosphorylation of downstream molecules and confirming IgAmediated phagocytosis. Membrane extracts from steady-state BMDM were immunoprecipitated with anti-CD89 mAb (clone A59) or control mIgG, enriched with Protein G and compared with total membrane extracts following SDS-PAGE under non-reducing conditions. Western blotting using an anti-FcRγ-chain Ab confirmed binding of the FcRγ-chain to CD89, with the dimeric form preferentially bound to the receptor as expected (Fig. 3c) . Exposure of BMDM from CD89 tg/wt /LyzM cre/wt and LM mice to IgA-coated beads induced phosphorylation in Syk and Erk in a CD89-and time-dependent manner (Fig. 3d) .
To examine receptor-mediated phagocytosis, BMDM from CD89 coated beads for 30 min, and internalised beads were enumerated by microscopy. IgG-coated beads served as the positive control for FcγR-mediated uptake. Similar numbers of IgG-coated beads were taken up per cell by both types of BMDMs, with a central peak at 11-15 beads per cell (Fig. 3e) . In comparison, 72% of BMDM lacking CD89 contained no internalised IgA-coated beads and only 1% of BMDM contained more than 11 beads per cell. In contrast, the IgA bead uptake in CD89 tg/wt /LyzM cre/wt BMDM was biphasic. Sixty-three percent of BMDM contained more than 11 beads per cell, suggesting CD89-mediated uptake. Twenty-six percent of CD89 tg/wt /LyzM cre/wt BMDM failed to phagocytose IgA-coated beads, likely representing the mCherry high expressing cells that do not express CD89 (Fig. 3a) .
Cross-linking of human CD89 results in cytokine production To further evaluate CD89 functionality, the ability of CD89 to induce cytokine production, when cross-linked with IgA, was examined in vitro using immobilised Ig either on the surface of 96-well plates (Fig. 4a ) or on beads in suspension (Fig. 4b) . TNFα, CCL2/MCP-1 and to a lesser degree IL-6 were induced upon exposure to surface-bound IgA, when BMDM expressed CD89 (Fig. 4a, b) . CD89 tg/wt /LyzM cre/wt BMDM produced quantitatively more cytokines in response to the polyclonal mIgA preparation (98% IgA), compared with the polyclonal IgAM preparation (65% IgA), likely due to the higher IgA content (Suppl. Table I ). As a positive control, we applied surface-bound IgG. As expected, IgG induced equal quantities of TNFα and CCL2/MCP-1 in both types of BMDM, independently of CD89 expression (Fig. 4a) .
Lung myeloid cells express CD89 and bind IgA In order to better understand the role that CD89/IgA interactions might play in mouse lung infection models, we next examined in detail the CD89 expression in lung myeloid cells of CD89 tg/wt / LyzM cre/wt mice and the effect of CD89 on i.n.-administered IgA. We observed strong CD89 expression on neutrophils, alveolar and interstitial macrophages, monocytes and dendritic cells, but not eosinophils (Fig. 5a , gating strategy in Suppl. Fig. 3 ). Intranasal delivery of mIgA (2.5 mg) into the lung occurred independently of CD89 expression (Fig. 5b) , but was accompanied with preferential binding to CD89-expressing alveolar macrophages (AMφ) (Fig. 5c ).
Ig preparations neutralise influenza activity in vitro To determine whether polyclonal Ig preparations from healthy plasma donors could be applied to prevent currently circulating and antigenically distant influenza infections in vivo, we first tested all four Ig preparations against Cal7 and PR8 viruses in vitro for the presence of anti-hemagglutinin antibodies in a hemagglutinin inhibition (HI) assay, for neuraminidase (NA)-inhibiting antibodies in a fluorescence-based assay and for virus-neutralising antibodies in a plaque reduction assay. All four polyclonal Ig preparations (adjusted to 50 mg/ml) inhibited Cal7 with HI titres of 320 (IgG, mIgA and IgAM) or 160 (SIgAM) ( Table 1) . As expected, HI titres against PR8 were lower than those against Cal7, but still surprisingly substantial for the IgG and mIgA preparations, which showed titres of 80 and 40, respectively (Table 1 ). All four polyclonal Ig preparations could inhibit the sialidase function of Cal7 and PR8 NA, with only small quantitative differences between the different Igs for a given virus, as reflected in the IC 50 values ( Fig. 6a, b ; IC 50 in brackets). However, the neuraminidase-inhibiting antibody titres of the preparations were tenfold higher against Cal7 than PR8 virus ( Fig. 6a, b ; the IC 50 range between 0.06-0.09 mg/ml and 0.74-0.89, respectively). Similarly, all Ig preparations had a greater capacity to neutralise Cal7 virus than PR8 virus (Fig. 6c, d ). Cal7 plaques were completely neutralised at 0.2 mg/ml with all Ig preparations (Fig. 6c) , while higher concentrations of all preparations were required to neutralise PR8 virus (Fig. 6d) . The IgG preparation was significantly more effective in neutralising PR8 virus (~3 to 6-fold greater) than the IgA-containing preparations (Fig. 6d ), in line with its higher HI titre.
Human polyclonal IgA protects from influenza-induced weight loss in a CD89-dependent manner In order to understand the effect of polyclonal Ig formulations, specifically the prototypic mIgA and IgG formulations, in controlling respiratory tract infection and to determine the role of CD89 in this, we infected CD89 tg/wt /LyzM cre/wt and LM mice with a lethal dose of PR8 virus, and survival and body weight were observed over the course of 14 days. Groups of mice were treated with either mIgA or IgG preparations according to the schedule in Fig. 7a . All untreated mice reached the predetermined humane endpoint and were euthanised by day 7 (Fig. 7b) . mIgA provided only partial protection in LM mice, with 1/15 mice reaching the humane endpoint (Fig. 7) . In contrast, mIgA completely protected CD89 tg/wt /LyzM cre/wt mice from PR8-induced weight loss and death. Indeed, human CD89 expression provided a significant benefit in protection from weight loss compared with LM mice (Fig. 7c) . As expected, CD89 expression had no effect on IgG treatment, which completely protected LM and CD89 tg/wt / LyzM cre/wt mice from PR8-induced weight loss and death (Fig. 7) . These data clearly demonstrate the critical role of CD89 in IgA-mediated protection from influenza infection. Accordingly, only CD89 tg/wt /LyzM cre/wt were used in subsequent studies, as these mice enabled the most equitable comparison between IgA and IgG-containing Ig preparations.
Human polyclonal Igs protect from influenza-induced weight loss and reduce lung viral titres in an Ig class-dependent manner Next, all four different Ig formulations were examined for their ability to control both Cal7 and PR8 infections in CD89 tg/wt / LyzM cre/wt mice only. Influenza virus was administered to mice by i.n. application of 10 4 PFU Cal7 or 500 PFU PR8 (lethal doses), 1 day after initiation of the Ig administration regime (Fig. 7a) . PBStreated mice served as an untreated control. The progression of 
disease was clinically assessed through weight measurements up to day 5, when the lungs were sampled and homogenates prepared for analysis of viral titres, mRNA transcriptional profile and protein levels of pro-inflammatory cytokines. Cal7 virus was undetectable in the lungs of mice treated with the IgG preparation, whereas mice treated with the IgA-containing preparations still had virus in the lungs on day 5 (Fig. 8a) . On average, these levels were at least a log lower than the control group, but only the mIgA preparation showed a statistically significant reduction, due to the spread of titres within the groups (Fig. 8a) . A significant reduction in pulmonary viral load after PR8 infection was clearly observed in all IgG-treated mice, while only some mice appeared to benefit from the treatment with the IgAcontaining preparations (Fig. 8b) . Mice treated with the IgAcontaining preparations, while not significantly reducing viral load, were less severely affected by the infection, as shown in the significantly reduced weight loss during Cal7 and PR8 virus infection (Fig. 8c, d ).
Human polyclonal Igs reduce influenza-induced cytokine/ chemokine expression in the lung Lower levels of pro-inflammatory cytokines/chemokines were observed at both the transcriptional and protein levels in lung extracts of IgG-and mIgA-treated Cal7-infected mice (Fig. 9a, c) . In detail, 24 genes were analysed, including cytokines and chemokines (18 genes), cell-signalling components (stat1, irf4), cytokine receptors (cxcr2, cxcr4) and cell-type-specific genes (CD8 T cells, cd8b1; B cells, cd19; neutrophils, elane) and normalised to two housekeeping genes (tbp, ubc). Twelve pro-inflammatory cytokine/ chemokine genes, including those encoding TNFα, CCL2, IL-6 and the anti-inflammatory IL-1RA (il1rn), were upregulated in Cal7-infected lungs compared with naive lungs and downregulated in 5/5 IgG-and 4/5 IgA-treated mice (Fig. 9a, top three branches) . With IgAM and SIgAM, similar trends of reduced Cal7-induced transcriptional levels were observed. In a separate cluster, genes encoding IL-13, IFNγ, CXCL9 and CD8b were increased in mIgA, IgAM and SIgAM-treated animals infected with Cal7 virus (Fig. 9a,  bottom branch) . Neutrophil-specific genes (elane, cxcr4) were not detected in naive or infected mice, likely due to the low intrinsic transcriptional activity of this cell type. The lower transcriptional levels of pro-inflammatory cytokines were also evident in the marked reduction of TNFα, CCL2/MCP-1 and IL-6 protein levels for all Ig-treated groups (Fig. 9c) .
A similar picture emerged for the transcriptional profile of PR8-infected and Ig-treated mice (Fig. 9b) . Twelve genes that were upregulated in PR8-infected lungs compared with naive lungs (Fig. 9b , top branch, excluding cxcl9 and ifng) were downregulated in 5/5 IgG-and 3/5 mIgA-treated mice. An additional large number of genes was unchanged with PR8 infection or Ig treatment (Fig. 8b, lower branches) . Similarly, CCL2/MCP-1 and IL-6 protein levels were significantly reduced in PR8-infected mice treated with IgG, IgAM or SIgAM (Fig. 8d) . In addition, we observed a statistically significant reduction in the TNFα protein for all Igtreated, PR8-infected groups.
DISCUSSION
PID patients continue to experience recurrent and persistent infections in both the upper and lower respiratory tracts, despite stable IVIg supplementation. [3] [4] [5] Drug delivery directly into the respiratory tract to prevent or treat pulmonary diseases offers many benefits, 24 primarily the localised delivery of high drug concentrations to the affected regions. Ramisse et al. 8 showed previously that i.n. administration of polyvalent IgG, collected from pooled human plasma, was superior to i.v. administration at significantly lower doses in protecting mice against lethal H3N2 infection. Polyclonal IgG is already broadly utilised in PID and neurological indications. mIgA and IgAM are side products of the IgG fractionation process with relatively little exploited potential to date. The interest in these Igs has grown recently, due to the potential availability of large quantities and natural occurrence of SIgAM at mucosal surfaces. 25 In this study, we tested one mIgA-and two IgAM-containing preparations and benchmarked them against IgG, which has been extensively tested in influenza infections. 8 We developed a novel CD89 Tg mouse to allow the unbiased comparison of the four Ig preparations in controlling Cal7 and PR8 influenza infections in vivo. Several Tg mice have been described, in which human CD89 expression was driven either by its own regulatory sequences, 18 the CD11b promoter 26 or the CD14 promoter. 27 In our CD89 Tg mice, CD89 was expressed in myeloid lineage cells under the control of the CMV promoter. We found that the CD89/ FcRγ-chain complex mediated downstream phosphorylation of Syk and Erk and induction of pro-inflammatory cytokines upon cross-linking with surface-bound IgA, in line with previous reports. 23, 28 In our mice, the IRES element was inefficient at facilitating GFP expression in accordance with previous findings, 29 but this was not further investigated as the CD89 expression was, as expected. Our CD89 Tg mouse does not express the CD89 receptor on eosinophils, which resembles the absent or very low receptor expression in human PB eosinophils (Suppl. Fig. 4 ). With these similarities to human expression and function of CD89, the mouse model described here represents a valuable novel tool to study IgA-CD89 interactions. To our knowledge, we are the first to characterise the CD89 expression pattern in the lungs of a CD89 Tg mouse and also to investigate the role of IgA-containing preparations in a mucosal influenza infection model in the presence of CD89.
All four Ig preparations from plasma collected over the same time period contained higher antibody titres to the recently circulating Cal7 virus compared with the 1934 PR8 virus, as demonstrated by HI assay (Table 1) , MDCK virus neutralisation and NA inhibition assays (Fig. 6) . While the HI and NA assays did not differentiate between the Ig formulations, IgG showed significantly greater reduction of PR8 viral replication in the plaque neutralisation assay compared with the mIgA-and IgAMcontaining formulations. These Ig preparations were therefore suitable candidates to be evaluated for the prevention of influenza infection in vivo. In our CD89 Tg model, topically applied IgG was the most effective preparation in reducing Cal7 and PR8 lung viral titres (Fig. 8a, b) and influenza-induced cytokines (Fig. 9) . Nevertheless, the IgA-containing formulation also protected Cal7-and PR8-infected mice from weight loss (Fig. 8c, d ) and significantly reduced influenza-induced cytokine and chemokine responses (Fig. 9) . The latter orchestrate the fine balance between immunemediated protection and lung tissue damage. For example, the transcriptional type I/III interferon genes (i.e. Ifnb1 and Il28b), which were greatly upregulated in infected untreated mice, in agreement with a previous publication, 30 were markedly reduced in all IgG-treated mice and reduced to baseline in 60-80% mIgAtreated mice infected with Cal7 and PR8.
Furthermore, topically applied mIgA protected mice from PR8-induced death (Fig. 7) , despite the low HI titre. Ramisse et al. 8 showed that i.n. administration of IgG or F(ab′) 2 was similarly protective, indicating that neutralisation was primarily due to a non-Fc-mediated mechanism. However, in our evaluation of mIgA in the PR8 infection model, protection was partially CD89 dependent, as shown by further reduced weight loss in CD89 Tg mice compared with the LM controls (Fig. 7) . This suggests that for mIgA at least, both Fab-mediated neutralisation and Fc-mediated effector functions facilitate virus control and reduce disease severity, potentially through modulation of the inflammatory response. Indeed, CD89 has been reported to have a dual role by also providing anti-inflammatory signalling upon monovalent binding of IgA. 28, 31 This anti-inflammatory feature of CD89 was not investigated directly in this study, but it might in part facilitate the significant reduction in cytokines observed with the IgAcontaining preparations. mIgA is normally not present in the lumen of the mucosa. However, it will be functionally relevant because of its direct neutralising capacity. Importantly, IgA can facilitate antibodydependent cellular phagocytosis and antibody-dependent cellular cytotoxicity. 32 Due to its size, mIgA should have greater diffusion than pIgA, sIgA and IgM. Together with the FcαRI/CD89-mediated anti-inflammatory effects, 28 mIgA could protect host tissues from an excessive injury.
In our CD89 Tg mice, CD89 was expressed on AMφ and bound mIgA in a CD89-dependent manner (Fig. 5) . He et al. 33 recently reported that AMφ were critical for broadly reactive antibodymediated protection against influenza A virus in WT mice. We reevaluated published microarray data from human AMφ 34 for the presence of IgA receptors and identified CD89 transcripts, albeit at low levels, in healthy humans (data not shown). WT mice therefore do not fully reflect the IgA receptor repertoire of human AMφ, while our CD89 Tg mice capture this additional aspect of the IgA biology present in humans.
Across the IgA-containing preparations, in vivo, the mIgA preparation reduced viral titres and cytokine levels more effectively than the IgAM-containing preparations, despite similar neutralisation capacities in vitro. The molecular mechanism was not further investigated in this study, but could in part be due to the lower IgA content in the IgAM preparation compared with that in the mIgA preparation (Suppl. Table I ). In our hands, addition of the SC to the IgAM formulation provided neither further benefit in virus neutralisation in vitro nor in reducing viral titres in vivo, but marginally reduced cytokine responses in Cal7-infected lungs in vivo (Fig. 9a) . It was previously reported that the addition of SC to pIgA confers increased stability on the resulting SIgA, 35, 36 apparently by masking proteolytic sites from proteases present in mucosal secretions. However, the lack of functional benefit of the SC in neutralising influenza that we observed was consistent with a report by Renegar. 36 Ramisse et al. 8, 13, 37 have shown that human polyclonal IgG delivery into the lungs in rodent models can protect from influenza infection. In our studies, we delivered a total of 12.5 mg to the mice, which is in the range of a single dose for a PID patient, receiving 200-800 mg/kg of IVIg. However, relatively little is known about the feasibility of Ig delivery into the lungs of nonhuman primates (NHP) and humans. Vonarburg et al. (manuscript in preparation) tested the nebulisation of the IgG, mIgA and IgAM formulations described in this study using an optimised Pari nebuliser in rats and NHPs. They found that the IgG and mIgA formulations, and the higher-molecular-weight IgAM formulation, were equally well nebulised when tested at 50 mg/ml. After inhalation, the recovery of nebulised Ig peaked immediately post delivery in the lungs of NHP, suggesting that the inhalation of at least three out of the four Ig preparations tested in our study, can be topically delivered to humans. In summary, we investigated the effectiveness of different human Ig isotype preparations, prepared from plasma collected over the same time period, to protect mice against influenza when delivered directly to the respiratory mucosa. To our knowledge, we are the first to use CD89 Tg mice in this context, to enable a more equitable comparison between IgA-and IgG-containing preparations. We showed that topically applied mIgA was beneficial in controlling influenza virus infection and that this occurred in a partially CD89-dependent manner; however, IgG provided the greatest protection from disease. Our data support the concept of topical IgG delivery for the treatment of respiratory tract infections in susceptible individuals, such as PID patients.
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MATERIALS AND METHODS
Generation of a FcaRI/CD89 Tg mouse Tissue-specific inducible CD89 Tg mice were generated by Dr. Pawel Pelczar (University of Zurich, Switzerland) under a contract. The CD89 gene (Gene Reference: X54150.1) was inserted into a XhoI restriction site downstream of a floxed mCherry with stop codon (pCAG-loxP-mcherry-stop-loxP-XhoI site-IRES-egfp) vector. Five mCherry-positive F0 founders, named CD89 Tg, were generated by pronuclear injection of C57Bl/6 J oocytes. Two of the transgenic founder lines were furthered to establish heterozygous mouse lines (labelled CD89 tg/wt ). Both lines were found to contain identical transgene sequences by Sanger sequencing and expressed similar levels of hCD89 when crossed to the LyzM-Cre driver line.
Myeloid-specific CD89-expressing mice were generated by crossing CD89 tg/wt and C57BL/6 LyzM cre/cre Tg mice (licenced from Jackson Laboratories) to excise the loxP-flanked mCherry cassette in vivo and drive CD89 expression in the myeloid cell lineage under a CMV promoter in 50% of the offspring (CD89 tg/wt / LyzM cre/wt ). LM (CD89 wt/wt /LyzM cre/wt ) served as wild-type (WT) controls. The CD89 gene-containing offspring were detected by PCR using transgene-specific primers (5′-CCAAACAGA-CACCCTCCTGT-3′ and 5′-GAGGCTTCCTTGTTCAGTGC-3′). All mice were bred at the University of Melbourne Bio21 Institute animal facility under specific pathogen-free conditions. Antibody treatment of mice Eight to ten-week-old mice were anaesthetised with ketamine/ xylazine (100 mg/kg and 20 mg/kg, respectively) solution, and 2.5 mg of mIgA (50 μl of a 5% solution) or 50 μl of PBS was applied i.n. After 24 h, mice were euthanised with 400 mg/kg pentobarbital i. p. BAL fluids were obtained by cannulation of the trachea and administration of 3 × 0.4 ml of PBS (0.2 U of heparin) washes. The BAL was separated from the cellular compartment by a 5-min centrifugation at 5000 rpm at 4°C. The erythrocytes in the cell pellet were lysed and the remaining cells were analysed by flow cytometry (LSR Fortessa, Beckon Dickinson). Bound IgA was detected with PE-conjugated F(ab) 2 -anti-human IgA. Macrophages were gated as F4/80
-and expressed high levels of CD64, CD89 and CD16/32. IgA in BAL was detected by ELISA (Supplementary Methods).
Influenza infection and antibody treatment of mice Influenza infections were performed on 8-10-week-old mice at the Department of Microbiology and Immunology, University of Melbourne. To establish a total respiratory tract infection, mice were lightly anaesthetised by isoflurane inhalation, and 50 μl containing 10 4 plaque-forming units (PFU) Cal7 or 500 PFU PR8 (both lethal doses) were delivered to the external nares to be breathed in deeply by the animal. To deliver the Ig preparations, 2.5 mg of Ig preparation (50μl of 5% solution) were administered under similar conditions on day -1, day 0 (8 h before viral challenge), day 1, day 2 and day 3. On day 5 post infection, the lungs were sampled, and supernatants from homogenates were prepared. In separate experiments, mice were monitored for a period of 14 days after infection. Mice were euthanised if a predetermined humane endpoint, based on the degree of weight loss and clinical signs, was reached.
Immunoprecipitation, SDS-PAGE and immunoblotting Immunoprecipitation and western blotting were performed, as previously described. 38 In short, membrane extracts were isolated from steady-state BMDM with RIPA solution containing protease inhibitors (cOmplete inhibitors, Roche) at 10 6 cells per 100 μl for 1 h at 4°C. Cell nuclei were removed by centrifugation at 1700 rpm for 5 min. Protein content in the supernatant was assessed with the bicinchoninic acid assay (Thermofisher). In multiple experiments, equal amounts of proteins (500-1000 μg) were incubated with either 2 μg of mAb anti-CD89 (clone A59) or control mouse IgG1 for 1 h. Ab complexes were incubated with Protein Gconjugated Sepharose beads (GE) overnight. After three washes with Tris-buffered saline (TBS) solution containing 0.05% Tween 20, the beads were treated with non-reducing SDS buffer and the eluted proteins were separated under non-denaturing conditions on a 4-12% Bis-Tris acrylamide gel. The total lysate was run as positive controls. Proteins were transferred onto a nitrocellulose membrane. After blocking with 2% BSA/TBS/Tween, the FcRγ-chain was detected with polyclonal rabbit anti-FcRγ-chain (Merck Millipore) and horseradish peroxidase-conjugated goat anti-rabbit Ab (DAKO). Proteins were detected by enhanced chemoluminescence (ECL, Amersham-Pharmacia Biotech) using a Chemodoc (Biorad).
Cytokine production and phosphorylation after Fc receptor crosslinking Flat-bottom 96-well tissue culture plates were coated overnight with 50 μl of 0.2 M carbonate buffer, pH 9.5, containing 20 μg/ml mIgA, IgAM or IVIg. The next day, plates were washed twice with PBS and once with c-RPMI and seeded with 100,000 BMDM in 200 μl of c-RPMI in triplicate. Alternatively, 100,000 BMDM were incubated with IgA-or BSA-coated Polybeads (2.8 μm, Polysciences) at different ratios. Cells were cultured at 37°C and 5% CO 2 for 24 h. Cytokine/chemokine concentrations in supernatants were determined by cytometric bead array (Becton Dickinson). In a separate experiment, aliquots of 2 × 10 6 BMDM were incubated with 50 × 10 6 mIgA-coated Polybeads in a 37°C water bath. At various intervals, the reactions were stopped with 10 ml of icecold PBS, followed by an additional wash. The cell pellet was lysed with 4× non-reducing SDS buffer and stored at −80°C until further analysis. SDS-PAGE and protein transfer were performed as described above. Phosphorylated Syk was detected with polyclonal rabbit anti-phospo-Syk Ab (sc-293118, Santa Cruz) and with HRP-conjugated goat anti-rabbit Ab (P0448, DAKO). After each detection step, primary and secondary Abs were removed using Restore™ western blot stripping buffer (ThermoFisher). The total Syk was detected with polyclonal rabbit anti-Syk Ab (sc-1077, Santa Cruz) and HRP-conjugated goat anti-rabbit Ab (DAKO). Thereafter, phosphorylated and total MAPK/Erk were detected on the same membrane using mouse anti-phospho-p-44/42 MAPK/ Erk Ab (Cat. No. 4370, Cell signalling) followed by HRP-sheep antimouse Ab, then polyclonal rabbit anti-MAPK/Erk Ab (Cat. No. 9107, Cell signalling) followed by HRP goat anti-rabbit Ab. Proteins were detected by ECL (Amersham-Pharmacia Biotech) using a Chemodoc (Biorad).
Flow-cytometry staining in mice, human and nonhuman primate cells The expression of CD89 was analysed by flow cytometry (LSR Fortessa, Beckon Dickenson) using the clone A59. In mice, PB cells were gated as neutrophils (Ly6G tissue, mice were perfused. The lung tissue was disrupted with an RPMI solution containing 3.5 mg/ml collagenase D (Sigma) and 0.1 mg/ml DNase I (Sigma Aldrich) for 1 hour at 37°C, followed by a 5-min treatment with 5 mM EDTA and 2% FCS to stop the enzymatic reaction. Cells (1 × 10 6 ) were stained with a single antibody cocktail containing CD24-PerCp-Cy5.5, CD45.2 FITC, CD64-AF647, CD89-PE, Ly6G-APC-Cy7, MHC-II-Horizon V500 and Siglec F-APC-R700 (BD Bioscience) and CD11b-BV711 CD11c-PeCy, Ly6C-BV605 and Fc block (Biolegend), and acquired in the presence of the viability dye SytoxBlue (Invitrogen). Cells were gated as described in ref. 39 and Suppl. Fig. 1 Quantitative mRNA analysis of the lung The left lung lobe from day 5 of infection was weighed, and 30 mg of tissue was homogenised in 600 μl of RT lysis buffer containing 6 μl of β-mercaptoethanol and 3 μl of Reagents DX (Qiagen), using Qiagen TissueLyzer LT with 5-mm beads set to 50 Hz for 2 × 2.5 min. The beads had previously been soaked in 1 M NaOH and washed 5× in ethanol and 2× in lysis buffer to remove potential RNAse contamination. RNA was extracted with the RNAeasy mini kit (Qiagen) according to the manufacturer's instructions, including the DNase digestion step. The total RNA was eluted two times in 30 μl of RNAse-free water. RNA concentration was measured by Nanodrop and stored at −80°C until analysis. cDNA was generated with 500 ng of PR8 or 750 ng of Cal7 RNA, using the RT² First Strand Kit (Qiagen) in 15-μl reactions after elimination of genomic DNA according to the manufacturer's instructions. Realtime PCR was performed using a Quant Studio7 Real Time PCR System. For the detection of 26 mouse genes of interest and three housekeeping genes (tbp, gaph and ubc), the specific primers were provided in a custom-made RT2-Profiler array (Qiagen) and amplified with RT² SYBR Green ROX qPCR Mastermix (Qiagen). LinRegPCR software (Version 2014.x) was used for baseline correction, efficiency calculation and Cq calculation. q-BASE + software package (Version 3.1, Biogazelle) was utilised to calculate the calibrated normalised relative quantities (CNRQ values) of the gene of interest by normalising across plates, using two constant housekeeping genes (tbp and ubc) and relative to a reference sample across all plates. The CNRQ values are shown.
Additional methods are described in the 'Supplementary information' section. Statistics Graphpad Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used for statistical analyses and graphs. Analyses of differences between sample groups were performed using the tests indicated in the text. Data shown are means ± SEM, unless otherwise stated. P < 0.05 was considered statistically significant.
Study approval
The CSL/Zoetis Animal Ethics Committee and the University of Melbourne Animal Ethics Committee approved all mouse-related procedures and protocols. Human and NHP blood was provided by the Red Cross Blood Service, Australia, under the material supply deed #15-12VIC-08 and by the Monash Animal Research Platform, Australia, respectively.
